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Abstract. e

An analysis,_that rcallstically simulates
mixed-compression inlet dynamic behavior in the
vicinity of unstart, was used to investigate time
response of an inlet's normal shock to indepéndent
disturbances in ambient température and pressure
and relative veloeity (longlitudinal gust), with and
without inlet controls active. The results indl-
cate that atmospheric disturbances may be more
important than internal disturbances in setting
inlet controls requirements. This is because they
are usually not anticipatéd.and because normal
shock response to rapld atmospheric disturbances is
not attenuated by the inlet, as it is for engine
induced. disturbances, However, .before inlet con-
trol. requirements can be fully assessed, more sta-
tistics on extreme atmospheric disturbances are
needed.

Introduction.

An efficient propulsion system will.be a key
factor in the development of an economically viable
supersonic cruise aircraft. New engine concepts
known as .variable cycle engines ar¢ being defined
by studies under conitract to NASA.l A balanced
program requires attention to the problems of in~
lets, especially since they are quite. important for
crulse Mach numbers in the range of 2.2 to 2.7. To
minimize cowl drag and provide efficient propulsion
system. performance at those Mach numbers requires
the use of a mixed-compression inlet (i.e.,.an in-
let with internal supersonic area contraction).
Unfortunately, when .such an inlet operates at its
peak performance it 18 also on the verge of an in-
stability termed unstart. The unstart transient
can be accompanied by many adverse effects on the
inlet and engine, which can also seriously affect
aircraft stability. Such an event would bé unac-
ceptable on a commercial transport., Therefore, the
problem of maximizing inlet performance while mini-
mizing or eliminating the unstart problem is of
concern,.

An inlet can encounter both internal (e.g.,
engine induced) or external (e.g., atmosphéric in-~
ducéd) disturbances that can causé unstart. Engine
transiénts, such as a throttle change or after-~
burner light aré usually anticipated, and appro-
priate control action can . be inltiated to prevent a
potential unstart. Also, such transiénts can be
investigated in wind tunnel tests.. Numerous exper-
iméntal programs have beén conducted at Lewis
Research Center and.elsewhére to investigate inlét
response to internal disturbarnces and appropriate
control actiong. A tecent wind.tunnel program at
Lewis was conducted to investigate a mixed-
compresgion inlet/turbofan engine combination.?

Atmospheric type disturbances are of greater
concern because they are generally uncxpected, giv-

ifnformatlon relating to atmospheric cffects on
mixed-compression lnlets In flight has.been.acquired,
And furthermore, simulation of.atmospheric disturb-
ances -in-a wind tunnel is difficult. One recent
paper does cite flight experience of supersonic
crulse aircraft indicating that severe atmospheric
transients can have serious effects on the flight
path and-propulsion system.3 Some inlet normal=
shock responses to simulated gusts have been
obtained in wind tunnels by oscillating wedges and
flat plates upstream of the inlét.4»5 An analytical
procedure for predicting frequéncy of unstarts using
a linear inlet model and a- power Spectral density
répresentation of atmospheric perturbations is given
by Barry.6

This paper is aimed at directing attention to
time response effects of atmospheric-type disturb-
ances on inlets and some implications regarding in-
let controls., Results are presented from a study
that used a linear dynamic analysis7’8‘modi£ied for
a significant nonlinearity to simulate a mixed-

compression inlet, Transient disturbances in ambi~- —

ent temperature and pressure and wind gusts are con-
sidered independently at the inlet.cruise Mach num-
ber of 2.5.

A brief description of the inlet simul.ttion and
a discussion of modifications and limitations for
this study are followed by a description of clie as-
sumed inlet characteristics and operating qunditions.
Results are presented showing the maximum amplitude
of a triangular-wave disturbance, that does not
cause inlet unstart, as a function of disturbance
pulse width. Unstarts initiated by normal shock ex-
cursions upstream of the inlet throat and by throat
choking (reduction in throat Mach number) with and
without inlet control, were investigated.

Inlet  Analysis

Only a brief description of the analysis,
selected for simuldting the mixed-compression inlet,
will be given because it is described in.detail. else-
whete.7,8 1Instead, the validity of the simulation
and its limitations will be given greater attention.

The simuldtion is based on a linear (small pex-
turbation) one-dimensional mathematical.analysis.
The analysis was initially derivéd for application
to internal airflow perturbations7 and later modi-
fied for application to flow-fleld perturbations up~
stream of the normal shock.® The analysis time de=~
pendent variables arc total pressure, mass-flow rate,
entropy and a moving notrmal shock that scparates the
supetsonic and subsonic flow regions. The inlet
geometric~flow-area variation is dpproximated by
constant-area cylindrical sections which result in
one-dimensional wave equations., Wave equations are
used to represent both.the subsonic and supersonic
flow regions. Hence, discontinuities and losses in
total. pressure due to oblique shock waves in the

ing less time for controls to respond. Very little—..supersonic portion-are-neglccted.
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The analysis was previously verified for small
perturbation results with the-normal shock opéarat-
ing point at a supereritical position (away from
unstart) where shock position is reasonably linear
with pérturbation amplitude, . Frequéncy responses
of the inlet normal shock aiid gubsonlc duct statlc

pressures to internal alrflow variations calculated.....

with the aralysis/ have been shown to glve good
agreemént with published5 and unpublished experi-
méntal.results, Godd agraemént was also defon=~
strated with -a limited amourit of exgéfiménpal.data
for oxtérnal alrflow perturbations.8 TFor fréquéncy
regponse data it was genérally found that phase

afgle agreement was bettér than.that for amplitude.

Amplitude agreemént was improved by factoring
steady-~state experimental data iinto the aualysis.7»8
This provides a méahs of compensating for boundary-
layer éffects not accouhtéd for whéei the duct
geometric-flow-area variation is used.

To further évaluate thé merit of the linear
analysgis for external perturbationd, it was com~
pared8 to frequency response results obtained from
a one-dimensional méthod-of-characteristics solu=
tion.® -Phase angle and amplitude agreement.was
perfect over.the. frequency range of 5 to 40 Hz for
which méthod=of-charactéristic data were calculated.
Of course neither aralysis includés viscous effects..
and the problem is not simply one-diménsional.

In order to provide a more realistic simula-
tion of inlet operation in the vicinity of unstart.,
the-basic‘anaIYSis7:8 was modified by adding a non-
linearity- that is associated with the rate-of-
change of duct flow aréa (AA/Ax). This can.be éx-
plained with the aid of Fig. 1. The linear anal- -
ysis assumes that the normalized rate~of-chinge of
duct flow area.(AA/A)/(Ax/R¢) 1is constant and equal
to the value at the shock operating point. . Actu~-
ally,. the value of that parameter changes with
shock position, primarily because of the change in
AA/Ax, As the shock moves. forward AA/Ax varies
from a positive value at.the shock- operating poiat
to zero at the throat.and then negative upstream of
the. throat wheré the shock.is unstable, resulting
in unstart. The variation.of (8A/8) [ (Ax/Re). 18 sig~
nificant because the shock position gain. to- any
perturbation is inversely proportional to
(8A/A) [ (8x/Rg).. This nonlinéar. effect is included in
the. analysis for this study by making (AA/A)/(Ax/Rc)
a continuous -function of shock position measured
from the throat station. This.was easier to imple-
ment in the analysis and moré accurate than using
several (AA/A)/(Ax/Rc) segiments each.having a dif-
ferént bit constant valué,._

The nonlinear vérsion of the analysis.is coi-
pared in Fig. 2 with data obtained during a wind
tunnel program?” that used an inlét from.az ¥W-12 aif-
craft. The disturbance, composed of a single. tri-
angulat wave pulse, caused a décréase in diffuser.
exit corrected airflow, simulating an engine-
inducéd disturbance. The-pulse amplitudé was it~
creased until the maximum value the inlet could
tolérdte without unstdrt was foudd.. Analysis ré-
sults weré obtaihed from-an analog computér version.
of the inlét simulation. The nonlingar analysis
results wéré obtained in the sdiie manner as the ex-
perimentdl results, whére the si ulated inlet
steady-state corrected-airflow-m ~gin from unstart
was thé same as for the experimentel inlét.. The
nonlirnear analysis predicts unstart by the onsét of
a rapid upstieam excutrsion of the normal shock;
sending the simulation into saturation. The linear
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analysis results are based on the assumption that
the inled unstarts when the normal shock rcaches

the throat, The maximum disturbaiice amplitude wlth-
out unstart is plotted as a function of pulse zero-
to~peak time in TFig, 2, As pulse width decreases,
the nonlinea¥ analysis, which sliows better agree-

~meiit with the data, predicts that thé amplitude re-

qulred to unstart the inlet 18 greater than for the
linear analysis. One recason why the nonlinear anal-
yais agrées bettér.is because it predicts that the
nermal shock can move further.upstrean. without un-
start as pulsce duration décreases. This phienomenon
is-exhibited in Fig., 3, which shows time historics
of. the disturbahcé and normal shock position for

two pulse widths; the maxinum. amplitude case ig
shown for both transients,. Note that—for the

longer duration pulse, the shock only reaches the

-thtoat, whereas for the shorter. pulse it actually

travéls upstream of the throat.. The conclusion
that an inlet will unstart whea.thé normal shock
moves upstréam of the. throat is drawit from steady~-
8tate. aerodynamics., The analysis shows that, under
transient conditions, the shock can make 2 momen-
tary excursion upstream of the.throat without un-
start. The-.occurfénce of this phenoiienon was ob-

served froth transient static~-préssure measurefents ..
- that were obtained duting the wind tunnel program

of Ref., 9.

Before investigating external disturbances,
additional modifications wéere mdde to the analysis
reported in Ref,.8,. The modifications include
terms to account for changes in supersonic spillage
due to changes in.free-stream Mach number and in
centérbody position, as well as.an efféct of cénter-
body position .on normal shock position,

There were no experimental data, .comparable to
those for-internalvdisturbances, to verify the. ex~-
ternal analysls results. One source of errotr in
the analysis is that interaction of the normal shock
with the boundary layer. is not. modeled. Shock/
boundary~layer interaction is important because 1t
cah affect conditions upstream of the shock., The
interaction could induce unstart due to lecal chok-
ing upstream of. the shock or by shifting the loca-
tion of the aerodynamic .throat, which is assumed
fixed.in .the analysis. Another source of analysis
érror is.a set. of constant coefficiénts that affect
the gain of normal shock position to a disturbance.
The coefficients are functions of Mach number just
upstream of the shock, and are based on the value
at thé shock operating point., However, the Mdch
number can change significantly due to aibient tem-
pératuré and gust disturbances. Although absolure
lévels predicted by the analysis may not be exact,
the transient-response trends aré believed to be
réalistic.. .

Thé fact that. the analysis is one~dimensional
limits. {t to the investigation of longitudinal dis~
turbances. Therefore, consideration of other
effects which might contribute to unstart is elimi-
nated, including (1) angle of attack changes due to
gusts, (2) angleé of attack changés and throat chok-
ing dué to atimospheric induced flight path changes
and structural motion of..the centerbody relative to
the cowl., -

Inlét Charactéristics and Operating
Poinc Conditione

Supersonic cruise aircraft studies for NASA
indicate a cruise Mach number in—the-range of 2,2
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to 2.7. The iilet

gselected for this study was.a
mixeéd-compression.typd with a design Mach numbev of

2.5, Acrodynamic and geometric charaéteriscics of
the inlet aré shown in Fig. 4, The inlet 1s based
on a NASA déaigh,lo but with a slightly shorter
subsonic diffuser.
scaled.up by a factor of . about 3.3 to make 1t com~
parable to inlets belng sized for current variable-
cycle~enginé designs, This résulited. in a capturc.
radius of 79 cm, Thé inlet has a translating
centerbody to accomfiodate off-design opération and.
an overboard bypass system nedr the diffuder exit
to allow matching of inlet airflow to enginé alr-
flow defand.

The inlét was assumed to have the following
operating point conditions with the centerbody at
the cruise position and the overboard bypass.closed:
Spillage at- the cowl-1lip, O; .throat boundary-~layer
bleed mass-flow ratio, 0.06; compressor-face total-
pressure récovery, 0.92;.engine corrected airflow,
184.4 kg/secy arid.engine correctéd airflovw margin
from unstart, 3.5 percent....

In all cases the simulated inlet.was disturbed
with single triangular wave pulses of varying time
durations. at inlet.ctuise couditions, which were
Mich 2.5 at an altitude of 16,764 teters. The cor-
responding ambiéat conditions were 0,91 N/em? and
216.7 K.

Model of Inlet and Control System

The inlet. model was based on the. idealized
inlet schematic of Fig. 5, The disturbance was
assumed .to oc¢cur at centerbody tip. conditions but
delay times betweér the centerbody tip and cowl 1lip
were neglected. Supersonic spillage at the cowl
1ip varies with the. corresponding change in Mach
number at. the centérbody tip. The inlet duct was
modeled by one supersonic ard two subsonic sections.
Transport delay times, used in the wave equations
that govérn those sections, were calculated by
using the average Mach number in each section.
Average Mach numbers. were found from Fig. 4, A
choked boundary-~layer bleed region was assuméd to
occur across. zero length upstream.of the normal
shock. The amount of bleéed could vary with .changes
in upstreain conditions. A term is Included in the..
analysis® that allows bleed .airflow. to vary with -
shock position according to the equation

AW, AX

bl 8

W T -0..108-+ e (1)
e/l \¢

where a positive shock displacement occurs in the
downstréam direction. The value.is baséd on exXper-
imental data.

Using the diffuser area variation curve of
Fig. 4, it was found that the norwalized rate-of-
charigé of duct flow-area (AA/A) [ (A%/R.) in the
vieinity of the throat varies 1inearly with dis-
tance..
(AA/A)/ (A%/R ) vary diréctly with shock position
measured frof theé throat, making the analysis non-
1inear, rathér.than béing constant as in the linéar
andlysis.. Finally, the overboard bypass was
assuméd to occur across zero length_at thé diffuser

Alsa, for this analysis, it was..

Thérefore the ahalysis was modifiéd to make

overhoard bypass and the centerbody., is representa-
tive of a conventlonal control for mixéd-compression
type inlets,

The overboard bypass control 1s a.closed-loop
system, the purpose of which is to malntain the posi~-
tion of the normal. shock at a high performance con-
dition without allowing unstart. The control senses
shock position-by mecans of the duct pressure ratio i
PR, which is the ratio of ai internal duct static.
pressure Pq o an. external Pitot préssure P
The .desired or commanded value PRggn 1s scheduled
as a function of Mach wumber. .. Mach nuiber. is calcus~
lated from Pitot-static probe measurements near the
cowl .1ip. When the shock moves, it causes an exror
(PReom = PR),.which 1is sensed by the controller.
The resulting control.action is an increase. or de-

.crease in bypass flow until the error is driven to

zeto. An upstream movement of the
eauses the bypags_to open,

normal shock-.
and vice versa.

The centerbody position control is an open-loop
or scheduled system, It merely positions the- center-
body as a function of Mach number. The centerbody
is moved.to keep the throat Mach. number . approxi-
mately constant by varying throat area and super-
sonic spillage. Throat area and supersonic spillage
increase when the spiké extends, due to a dectrease
in sensed Mach number,.and vice versa. .

The response of sensors and actuators selected
for the control system was based on the assumption
that, in the future, actuation hardware will limit
control response to a much greater extent than the
gsensors., This is basically true because of. the
fiassive hardware that must be moved. Therefore, the ...
responses of the Mach and duct. pressure ratio sen~
sors were assumed to be instantaneous relative to
the. actuators, which would be true of close-coupled
transducers. Obviously, long line lengths between
sensing ports and the transducers would introduce
pheunatic lags. In. addition, a mismatch of lag times
could. cause.problems. For. example, an etrroneous
indication of Mach number would result in a wrong
reaction of the control system.

The frequency dependént portion of the transfer
functions governing the responsé of the bypdss and
centerbody positions to position commands , as well
as- for the bypass controller, are given in Fig. 6.
The centerbody is chatacterized by a.second order-
lag, and the bypass by a first oxder lag., Bypasses
with two différent corner frequencies wpp were in-
vestigated. A‘propottional-plus-intégral typé con-
troller was .chosen. to manipulaté the bypass.

The functions enclosed by the dashed line in
the schematic. would be performed by a computer. in a
flight. application. For this study, they were pro-=
grammed on the analog computer along with the inlet

exit..

A schematlc of the inlet control system is
given in Fig. 6. The system, which manipulates the

analysis.
Results and Discussion

Unstarts initiated by excursions of the normal
shock upstream of the throat and by throat choking
were investigated analytically with and- without in-
jet control. The normal-shock type unstarts will be \
discussed first.
Normal Shock Unstarts

With inlet controls inactive. A comparison of
linear and nonlinear analysis results is ghown in

ORIGINAL PAGE 15
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Fig. 7 for independent disturbances in ambient
temperature,. relative veloclty (longltudinal gust),
amblent pressure, and englne corvected alrflow.

The disturbance-pulses are also {llustrated, Plus
and minus signg on the ordinate indicate whether
the disturbance variable increased or decreased
from its operating polnt value, The cholee of aiga
was- dictated by the requirement for thc.normal
shock to move upstream toward uhstart. The inlet
was. ussumed to bé connected. to an enginé whose cor-
rected alrflow changes due to changés.in air total
temperature, The results show that in all. casés
the nonlinecar analysis predicts greater tolerance
to unstart than does the lincar .analysis as pulse
duration decreases. Hence, a linear analysis would
predict a greater frequency of inlet unstarts for a
given atmosphetric model, indicating a possible need
to operate the inlet more supercritically (less
efficiently) than necessary. Figure 7 also shows
that inlet tolerance to unstart remains about tlie
same or.decreasés with decreasing pulse duration
for the.external disturbances, whereas it. increases
for the engine disturbance., Thus, besides béing
unexpected, the extetnal disturbances represent a
potentially greater control problem because the
inlet has less natural immunity to fast disturb-
ances, which.conventional controls are less apt.to
réspond to, The ambient pressure disturbance re-
suits. are interesting because it does not affect
flight Mach. number and has little or no effect on
steady-state shock position. However, a rapid
change in ambient préssure, that could be caused by
a passing aircraft for example, does result in sig-
nificant normal shock displacements (Fig. 7(c)).

Of. course, combihations of the external disturb-
ances are likely to occur, which could act to rein-
force or cancel each other. Finally, it was found
that inlet tolerance to unstart was essentially
proportional to engine corrected airflow margin
from unstart for all pulse widths, although it is
not shown in Fig. 7.

Study results were found to be significantly
effected by engine corrected airflow sensitivity to
total temperature. The inlet 1is most sensitive to
changes in ambient temperature and. gusts because
they cause the greatest changes in total tempera-
turg, Therefore, results will be shown-only for
those two disturbances. However, all disturbances
that induce a normal shock excursion cause. some
change in total temperatute that is.proportiondal
to the change in shock.wvelocity but this is gener-
ally less significant, Figure 8 shows. a.cemparison
of results obtainéd ignoring the change in engine
corrected airflow with. temperatute (Kt = 0) to the
résults of Fig. 7 for which a representative value
of Ky = -1 was used. When ambient temperature is
the disturbance (Fig, 8(a)), the results are about
the same for short duration pulses, but as pulse
duration increases inlet tolerance 1s greater with
the constant. cofrected airflow engine (Kp = 0).
Results for the gust disturbance are shown in
Fig., 8(b) and are about the same for the short dur-
ation pulses, as in the ambient temperature case.
However, as pulse duration increases, the inlet
with.the constant cotrected airflow engine becomes
less tolerant. to the disturbance, just the opposite
of the temperature case. Obviously, the choice of
Kr greatly affects-the results and the relative
importance of gust and ambient temperature distutb-
ances, The steady-state value of Kt can range in
value from -0.2 to ~5.0 depending on the engine and
its control and operating condition and it can also
be a—funetien of frequency.6 The value of Kp s -1

e

4

was selected as a representative value and was made
Independent of frequency because ne dpeclfic engine
was selected for this study, Corrieted alrflow
changes could also vesult from ¢l ages In Inlet
total pressure, However, tt ls _elt that the tem-
perature c¢lfect {8 more fwportant and was therefore
gelected for Illustratfon here, 1t Ls apparent
that, glven a specific engine, a correct represen-
tation of its alrflow characteristica is important,

eapeclally for gust and ambient temperature distupbs.......

ances,

Traces showing the transient response of normal
shock position to triangular wave pulses In ambient
temperaturé, relative velocity, and ambient pres-
sure are shown in Fig, 9. The transients were ob-
tained with the samc nonlinear analysis as for the
results of Fig., 7. The results show that the
normal shock will initially travel upstream when
ambient temperature increases and relative velocity
and ambient pressure decrease, This was found to
be generally true over the range of pulse widths
tested. The.shock is displaced upstream.of the
throat without unstart for rapid disturbances like
these, as in the case of rapid éngine disturbances,
Note that the normal shock has a substantial over-
shoot in the downstream direction for both the rel-
ative velocity and ambient pressure disturbances.
This was generally observed for pulse zetro-to-peak
times of 0.l second or less and indicates that a
disturbance of this wave shape but of the opposite
sign could unstart the inlet, even though the shock
would go downstream initially. The reason for. the
overshoot is that.the gain of shock position to
either the relative velocity disturbance for
Kt = -1 (or the ambient pressure disturbance for
any Kr), is nearly zero; therefore, after the dis-
turbance stops decreasing, the shock tends to return
rapidly to the operating point., The reversal of the
disturbances causes shock position to overshoot in
the opposite direction. The conclusion is that the
disturbances that tend to cause unstart are in-
creases in ambient temperature -and decreases in rel-
ative velocity and ambient pressure.. Figure 7 indi-
cates that the rate of change of ambient pressure
and- relative velocity must be very rapid, although
the relative velocity result depends on engine cor-
rected airflow sensitivity to changes in air total
temperature.

With inlet controls active. Results from the
nonlinedr analysis obtained with both the overboard

. bypass and centerbody control systems active, are

présented in Flig, 10, along *'ith the results with-
out control from Fig. 7. Results were obtained for
two different bypass commer frequéncies wpp. Also
shown are lines indicating the level of disturbance
amplitudes that might be expected. In the tempera-
tute case (Fig, 10(a)) the expected disturbance
level is based on flight data.® 1t represents the
worst-case data and was. extrapolated for zero~to-
peak times less than 0,1 second. No probability of~—
occurrence was associated with the data., ‘wo points
based on Concorde flight experience3 are plotted as
the solid symbols along with the calculated time
between encounters, The data shows that with the
controls active, the inlet should not unstart. How-
ever, the inlet does come close to unstart with the
slow bypass control in the vicinity of AT = 0,1 sec~
ond. Unstarts would occur only when the inlet con-
trol 1s inactive for disturbance zero-to~peak Limes
greater than 0,1 second.

Results for the longitudinal gust case are shown

et . wastemastesd umeteis ot detie o . iaasen s
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in Flg. 10(b).. The disturbaiicé amplitudes that
might be expected aré based-on gust critéria uscd
for the cancelled Américan SST, and wefé extrapo-
lated for AT's below 0.03 second. A point baséed
on unpublishéd YF-12 aircraft flight experience,
obtained during the NASA flight résearch program,
is plotted as the solid symbol., No probabilify of
occurrence was associdted with thése data, The
data show that no unstart is prédicted to occur dué
to a gust, The faster bypass. providés somewhat
more tulerance. than does the slow bypass or inlet
without control. Thé lattér two curves coincide,.—

Results for thé. ambiént pressure case with in-
let contrel using eithér bypass -afe not-shown be-
cause-they weré thé same as for the inlet without
conttol (Fig. 7(¢)). The disturbance criteria. for
the SST was. for passing alrcraft separated.by
500 feet. The calculated makximum decrease in pres-—
sure that occurs is 14 percent.in 0.013 sécond.-

The analysis predicts that such a disturbance tWould
unstart the inlet. ..

It.should be récall- 4 that the absolute levels
nredicted by thé analysis have..not been verified by
experimént. -Data takén.during the wind. tunnel pro-
gram of Ref. 9 indicated that the actual change in
steady-state Mach.nutber (that changed mass—E£low.
rate but.not.totdl temperature ahd pressure) re-
quired to unstart. that inlet was less than the
value predicted by the analysis. Oné possible ex-
planation is. that the shock boundary-layer interac-
tion..caused the inlet to unstart earlier thah the
analysis predicts. The analysis was found to give.
much better agreément if constant coefficients, de-
pending on the Mach number just upstream of the
normal shock, were based on the average value
rather than the initial value. When that. technique
was applied to the tempgrature case (Fig. 10(a)),
no significant difference in the analysis steady~
state value was found, indicating that. the value
shown should. be nearly correct. However, there
were no experimental steady-state data for unstarts
due to temperature available to verify the analysis.
The inlet with the.slow bypass provides only mar-
ginal tolerance to unastart due to temperature in
the vicinity of AT = 0.1, The faster bypass sys-
tem would. appear to be adequate even if predicted
analysis levels had to be shifted down by 10 to -
20 percent, keéping in mind that the control system
sénsors weré aasumed to respond instantanéously.
Ambierit temperdture disturbancés appear to be more
gignificant than longitudinal gusts; although that .
conclusion depénds on engire airflow-characteristics
(e.g.;. thé value of Kf).. More data are needéd.to
verify the levels predicted by the analysis and to
increase knowledge of expected disturbance levels
béfore the bypass requireménts can be fully
assessed., A gust probe has béén installed om-a
NASA YF-12 aircraft in the hope of providing addi-.
tional information in this area. One inlet on
the aircraft.is highly instruménted so that inlet
response can also be mecasured.

Théré are several alternatives to consider
with respect to bypass requirements. It appéars
that bypass doors with a corner frequency on the
order of 50 rad/sec would be required to provide
high inlet perfotrmance.. This could probably be
achieved. only by using several individual-bypass
valves with their own actuators, hydraulic lines,
ete, Such a system would be necessarily complex, ...
possibly with low relfability.

An altérnate systom that could.provide--the
same inlet performance would be to augment a slow
overboatrd bypass. system with a throat-bypass sta-
bility system, A throat-bypass system could use
reliéf-type mechanical valves or vortex valves to
bleed alrflow in the throat reglon when the normal
shock-moves upstream toward.uistart, Such a.system
using mechanical valves was tested in a flight hard=
ware inlet? and found to work very well for both
internal. and exterdal disturbances, The valves are
self=acting, which eliminhatés sénsor lags, and arc
fast responding because they are small. . The system.
bleéds little or no airflow when the shock is at
the. désired position and could be incorporated as
part of the boundary~-layer bleed system. Serious
consideration should. bé given to incorporating a
throat~bypass systém during thé initial design
stages of an inlet. . -

Maximization of-.inlét performance accomplished-
by using special hardware may. not be the best over-
all answér, . Inlet .tolérance to unstart can be in-
creased by simply operating it more supercritically
with corresponding lowér.performance, The alterna-
tives must be examinéd by cornducting mission, cost
and reliablility studies before the final choice can
bé. made,

Throat Chokirng Unstarts

Unstarts initiated by throat choking were in-
vestigated by méans of the linear analysis. The
assumption was that unstart occurred when the throat .
Mach number decreased from the operating value of-
1.24 to 1.0. Since normal-shock/boundary-layer
interdction is.not modeled, tlhe shock was assufied
to be too far supercritical to affect the results.

..Thus, only. centerbody position, which affects throat

Mdch number, and 1ts control are important. The
results aré shown.in Fig, 11 with inlet controls
active and inactive. Ambient temperature increases
required to unstart the inlet, with or without.con.-
trol, are well above the expected disturbance
levels that were shown in Fig. 10(a) ahd are more
than twice the level predicted to initiate unstart
dué to a normal shock excursion. The same is true

for.the gust casé (Fig. 11(b)) except for the uncon-...

trolled inlet at AT's greater than 0.5 secord..
Results for. ambiént pressure disturbances are not
shown because they do not affect.throat Mach.number
significantly.. A throat-bypass stability system

can provide additional protéction against extérnalewe.

disturbances by relieving preéssure rises in the
throat reglon and giving the slowér acting conven-
tional .control more time to respdnd.9 In this
application it also has the.advantage that the sta-
bility system itself does not drive the normal
shock upstream toward unstatt, which can ocecur when
the ceittetbody is extended.

The absolute levels predicted by the analysis
are agaln in question. Some data were ottained for
the experimental inletl2 upon which the study inlet
is based. Those data indicate that the lnlet will
actually unstart due to a 3.5 percent decrease in
Mach nuwmber rather than the predicted decrease in
velocity of 4.7 or increase in témperature of
9.1 petcent. A possible reason for the differeuce
i1s that boundary-layer separation occurs initlating
unstart before the throat Mach number can decrease
continuously to one. Even though the actual valuc
causing unstart is-less than that predicted, the
throat-choking type unstart appears to be a less
serious problem than that due to a normal shock
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excursion,

This conclusion might not be the same

1f the shock operating point was more supercritical..
Also, angle of attack effects and motlons of the
centerbody relative to the cowl laduced by atmos-
pheric disturbances. may compound the throat choking

problem. [n actuality, the two types of unstart
may be inseparable because. of shock boundary layer
interactlon effects,

Conclusions

A primarily linear analysis was modified for.a
significant geometric nonlinearity to realistically
simulate mixad-compression inlet dynamic behavior.
in the vicinity of uhstart.. The analysis was used
to investigate inlet response to independént dis-
turbances in amblent temperaturc and pressure aid
relative velocity (longltudinal gust), with and
without inlet controis active.

The nonlinear ahalysis predicts greater inlet
tolerance to fast. pulse~type disturbances than .does
the linear.analysis. The main reason is that the.
nonlinear analysis correctly allows the. normal
shock. to make muméntary.excursions upstream of the-
throat in response to rapid-disturbances; wherteas.
the. linear analysis results are based on. the. assump-
tion that the inlet unstarts when the shock reaches
the throat. Therefore the linear analysis would
prédict a greater frequency of unstart for a given
atmospheric model, indicating a possible need to
operate the inlet less efficiently than necessary.

Atmospheric-type disturbances represent a
potentially greater inlet control problem than.do
engine disturbances. This is because they are
usually not anticipated and because rapid disturb-
ances are not attenuated in the inlet like engine
disturbances. Ambient temperature disturban..s
were found to be potentially more hazardous than
longitudinal gusts. . However,. inlet response to
those disturbances is significantly.affected by
engine corrected alrflow gensitivity to air total
tmmmmm,mﬁud@mhtuﬁhwwummnw_
tics for a specific engine should be properly
accounted for. As engine airflow sensitivity to
temperature increases, ambient temperature disturbe~
ances become more important relativé to gusts.
Ambient pressure disturbances are the least signif-
icant; although, a large rapid decrease could un-
start an inlet. Of course combinations of disturb-
ances are.likely to occur., that could act to reln-
force .or cancél .each other,

Longitudinal gusts are more likely- to initiate
unstart by throat choking... However, disturbanceé
amplitudes required to cause throat choking were
found to be greatér than those required to initiate
unstart by a normal shock excursion, indicating
that the latter type unstarts are a more serlous
problem. This conclusion could change 1f shock/
boundary-layér intéraction effects were included in
the analysis or if the normal shock opérating point
had been more supercritical.

1t appears that an overboard bypass system
with a corner frequency on the order of 350 rad/sec
or 3 slow bypass system (12 rad/s~c) augmentéd by a
throat-bypass. stability system will be required to
provide high inlet performance with low unstart
probability. Before inlet controls requirements
can be fully assessed, more statistics on extreie .
atmospherlc. disturbances are needed, as well as
some verlification of absolute levels predicted by

the

(e}

analysis,

Symbol List ...

inlet duct flow area, cm2

inlet capture aﬁea,_cmz
ratio of percent change In engine corrected

airflow to percent change in air total tem-
perature, (AWao/Wee) /(AT/Ty)

M Mach number

P total pressure,”N/cmz””

PR control pressurce ratio (Fig. 6)

P static pressure, N/cm2

RC gadius of inlet capture area, 79.2 cm

r. local centerbody or cowl radius, cm

s - Laplacé variable, sec™l .

AT zevo-to~peak time of triangular wavé pulse, sec

Ta ambient temperature, K.

Tt alr total temperature, K

u longitudinal velocity of. inlet reldtive te air
at centerbody tip, m/sec

W aétual airflow, kg/sec

wbl boundary-layer bleed airflow, kg/sec

Wc inlet capture ajrflow, kglsec

wec engine. corrected airflow, (W/E/G)eng, kg/sec

Xs normal shock displacement frcm throat. (posi-
tive in Cowiistream directicm), cm

X inlet longitudiral coordinaté, cm

A perturbation quantity

§ ratio of local total pressure: ro staiddrd sea
level pressure

0 ratio of local total temperature to standard
sea lével témperature-

wbp overboard bypass corner frequéncy, rad/sec

Subscripts:

a ambient

av average

com command valuc

d- inlat duct static

eng engine

[ Pitot-static probe static

t Pitot-static probe total




x local .longitudinal value
0 centerbody-tip conditions
Superscript:

() indlcates operating point value of ()
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Figure 1. - Typical mixed-compression inlet diffuser flow-
area variation.

O EXPERIMENTAL DATA

=== LINEAR ANALYSIS
NONLINEAR ANALYSIS
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DISTURBANCE PULSE ZERO-TO-PEAK TIME, AT, sec

Figure 2. - Comparison of experimental and analysis re-
sults of YF-12 inlet response to engine cofrected air-
flow disturbance.
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